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ABSTRACT Conductive metal films are patterned into transparent metal
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nanowire networks by using electrospun fibers as a mask. Both the transmittance ; =
and sheet resistance (6 Q/C at 83% transmittance and 24 Q/1 at 92%
transmittance) of the metal nanowire-based electrode out-perform commercial £

indium doped tin oxide (ITO) electrodes. The metal nanowire-based transparent
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electrodes were fabricated on both rigid glass and flexible polyethylene terephthalate (PET) substrates. In addition to state of art performance, the

transparent electrodes also exhibit outstanding toughness. They can withstand repeated scotch tape peeling and various bending tests. The method for

making the metal nanowire is scalable, and a touch screen on flexible substrate is demonstrated.
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ransparent electrodes are essential

parts for many optoelectronic devices

such as touch screens, liquid crystal
display, and solar cells. Currently, commer-
cial transparent electrodes are made from
indium doped tin oxide. The cost of indium
and the brittle nature of ITO drive the search
for alternative transparent electrode mate-
rials. During the past decade, many alter-
native transparent electrode materials were
studied, for instance: conducting polymers,’
graphene,>* carbon nanotube (CNT)>®
metal nanowire,” '? and hybrid materi-
als.”®>~"® Those materials can be categorized
into two forms: the continuous transparent
conductive film (graphene, ITO and conduct-
ing polymer) and transparent percolation-
conductive film (CNT, metal nanowire
and hybrid materials). In continuous trans-
parent conductive materials, graphene
has highest carrier mobility'” and optical
transparency.'® Such performance is only
available on small, nonscalable mechani-
cally cleaved graphene.' The large gra-
phene samples from other sources, such
as chemical vapor deposited graphene??
and solution-processed, reduced graphene
oxide,”® cannot provide comparable per-
fection (carrier mobility) as small cleaved
graphene.' The carrier mobility in large
area graphene samples is limited by the
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production techniques, so doped graphene
was developed by several groups®' % to
enhance the conductivity by increasing
the carrier density. Some doped graphene-
based transparent electrodes exhibit per-
formance similar to ITO2' The doped
graphene sheets are less stable than the
pristine graphene and the fabrication cost
are likely to be larger. The high processing
cost (such as chemical vapor deposition)
and tedious transferring processes hinder
its use in transparent electrodes. As a result,
ITO is presently the best choice for con-
tinuous transparent electrode materials
due to its combined properties of perfor-
mance, cost, stability, and toughness. The
transparent percolation-conductive film is
another emerging material for making high-
performance transparent electrodes.>~'®
In contrast to continuous transparent con-
ductive film, the transparent percolation-
conductive film can be made from opaque
materials such as carbon nanotubes (CNTs)
and metal nanowires. Carbon nanotubes are
used to make transparent electrodes because
of their extremely high conductivity and
aspect ratio. The transparent electrodes
made of CNTs are poorer than ITO due
to the presence of semiconductive single-
walled carbon nanotubes and high contact
resistance.>® Metal nanowire transparent
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Figure 1. Scheme of copper nanowire network electrode fabrication. (1) Electron-beam deposition of copper film on the transparent
substrate. (2) Electrospin PAN nanofibers on the copper-covered substrate. (3) Solvent vapor annealing. The insets show the sche-
matic fiber cross-section shapes before and after solvent vapor annealing. (4) Metal etching. (5) Removal of PAN fibers by dissolution.

electrodes emerge as better transparent electrodes
than CNT electrodes.”'® The best solution-processed
copper nanowire'" and silver nanowire’ ~ based elec-
trodes exhibit better performance than ITO. However,
the solution-processed metal nanowires often contain
organic residues that result in lower conductivity in
comparison with that of patterned metal nanowire
made from evaporated metal."*?* Recent research’
also indicates that solution-processed metal nanowire
transparent electrodes may have poor adhesion®>2°
and protrusions'? that limit their use in many devices.

Patterned metal nanowires from evaporated metal
sources exhibit the best transparent electrode perfor-
mance."*** However, a high throughput patterning
method to generate the high aspect ratio nanowires
are crucial for this type of transparent electrode. Elec-
trospinning is a facile and economical way to produce
continuous nanofiber structures. Previously, it was used
to generate continuous conductive nanofibers for trans-
parent electrodes.'®?” The directly electrospun conduc-
tive nanofibers are usually polymer—metal composites. A
heat treatment annealing process is required to eliminate
the organic residue and obtain reasonable conductivity.
This process is not only energy and time-consuming but
also limited to substrates that are stable at high tempera-
tures. Cui's group coated metal on continuous electro-
spun fibers. The small diameter and ultralong fiber lead to
a metal nanotrough network electrode with remarkable
performance (sheet resistance 2 Q/00 at 90% transmit-
tance).>* However, the metal nanotrough network needs
to be transferred onto the target substrate, which
generates defects and requires additional care to en-
sure adhesion. In our previous work,'* we demon-
strated that a patterned metal mesh with graphene
can provide excellent transparent electrode (sheet
resistance 20 Q/0 at 91% transmittance).'* This meth-
od involves expensive photolithography. It is presently
a challenge to fabricate transparent electrodes with
high performance, low cost, and high throughput that
can replace ITO.

RESULTS AND DISCUSSION

In this work, the electrospun fibers are used as a mask
to create metal nanowires on transparent substrates.
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The fabrication procedure isillustrated in Figure 1. First,
the conductive metal film is deposited on the trans-
parent substrates such as glass or transparent polymer
sheets. Second, polyacrylonitrile (PAN) fibers are elec-
trospun onto the surface of the metal film. In the third
step, a solvent annealing process is conducted to
flatten the PAN fibers onto the metal surface. Then in
step four, the coated transparent sheet is immersed
into a metal etching solution to remove the metal that
is not protected by the PAN fibers. Finally, the PAN
fibers are removed by an organic solvent, and the
transparent electrode is ready to be tested and used.
Copper is the metal of choice in this work because of
its high conductivity and low cost. In a typical case, a
2 nm thick layer alumina (Al,O3) and a 100 nm copper
layer are deposited in that order on glass slides by
electron-beam evaporation in series. The Al,O3 is used
as an adhesive layer to enhance the adhesion between
the copper film and glass substrate. Electrospun nano-
fiber networks provide percolating paths, even when
the number of fibers per unit area is small. The elec-
trospun fiber network is formed by very long contin-
uous fibers. The resulting metal nanowire patterns are
therefore completely connected everywhere. In con-
trast, unconnected nanowires or nanotubes are often
found in CNT or solution-processed metal nanowire
electrodes. Such isolated nanowires/nanotubes reduce
transmittance without enhancing conductivity. Sec-
ond, electrospinning is the best technique that pro-
vides small feature with high manufacturing rate
per unit area. Lithography techniques such as nano-
imprinting®® and e-beam lithography can generate
even smaller nanowires than electrospun fibers, but
they require expensive instruments and have limited
productivity. Conventional photolithography and
shadow-mask patterning can provide metal wire pat-
terns with relatively high throughput, but the widths of
the metal wires are usually larger than a micrometer. In
transparent percolation electrode, the aspect ratio of
length of metal nanowires vs the diameter and the
number of the nanowires determines the performance.
Electrospinning leads to high conductivity networks
and easy optimization of the balance of the length
between connection points, cross sectional area of the
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Figure 2. Scanning electron microscope (SEM) images of patterned transparent substrates made as described in this
paper. (a,b) The as prepared electrospun PAN fibers on the copper-coated glass substrate. (c,d) Solvent vapor annealed PAN
fibers on the copper-coated glass substrate. (e,f) The copper wire with PAN fiber on the glass substrate after rinsing etching.
(g—i) Copper nanowire network on transparent substrate after PAN is removed. Panel (i) shows the width of the copper

nanowire.

metal conductor, and number of conducting segments
per unit area.

The scanning electron microscope (SEM) images of
the as prepared PAN fiber on copper substrates are
shown in Figure 2a,b. The diameter of the PAN fiber in
this work is typically between 650 and 700 nm. Initial
etching experiments without solvent softening of
the PAN nanofibers did not protect the copper.
The as prepared fibers stacked with each other, and
many segments did not contact the copper surface
directly.?® From Figure 2b, it is clear the one fiber is
suspended above the other two. In order to transfer
the PAN nanofiber pattern to the copper layer, all PAN
nanofibers need to contact the copper surface. There-
fore, a solvent wetting process was used in this work.
The experimental setup is illustrated in Supporting
Information (SI) Figure S1. DMF was heated by a water
bath (75 £ 5 °C), and the vapor was guided by an air
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stream to a glass funnel directly above the sample.
The wetting level should be controlled accurately in
order to obtain optimal contact between with the
fibers and the copper surface without distorting the
shape of the fibers. In our experiments, the wetting
time was typically between 1 and 3 min with an air
flow rate of 750 mL/min. After the samples were
treated by this wetting process, most segments
of the PAN fibers contacted the copper surface
(Figure 2¢,d). In addition, the junctions of the fibers
are conglutinated (Figure 2¢,d). Although the sizes
of the final copper nanowire are theoretically con-
trolled by both wetting procedure and the follow-
ing etching procedure, it was found in this work that
the control of the wetting was a lot easier. Figure S2
in the Supporting Information shows that the step-
wise wetting gradually changed transmittance from
60 to 90%.
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TABLE 1. Comparison of Different Etching Methods and the Resulting Nanowire Pattern

Etching | Etching L
methods | time Opecal images
Static
soak [ >30 min
etching
Stlrr.mg S
etching
Rinsi :
IllS.l e <2 min
etching

Another key step in this work is the wet-etching
process. The wet-etching of copper is an anisotropic
process; therefore, undercutting is typically observed
during the process. When the feature size is close to a
micrometer, undercuts become a serious problem.
When the diameters of electrospun fibers are all under
a micrometer, conventional static soaking methods
do not work well. As shown in Table 1, it was almost
impossible to prepare samples at a size of 2.54 x
2.54 cm by static soaking. This undercut problem
was not solved by using copper etchants with differ-
ent concentration (FeCl; 0.001—0.1 M) or different
etchants (FeCl;,*® (NH),5,0s>' and CuSO,+H,50,').
A rinsing etching method was adopted (see Methods
and Sl Figure S2). The agitation of etching solution
(stirring etching) helped to suppress undercutting
by rapidly exchanging the etching solution on the
metal surface. The etching time and results of the
static soaking, stirring, and rinsing etching are listed
in Table 1.

From the optic images, it is clear that that the static
soak etching did not give any useful patterning be-
cause of the undercut effect. The stirring etching (using
a magnetic stir-bar to agitate the etching solution)
formed nanowires pattern, but residues were leftin the
open areas. The rinsing etching (see Methods and S|
Figure S3) generated well patterned fiber networks
with clean background.

With optimized rinsing etching condition, the pat-
tern of the PAN nanofibers was reproduced in the
copper substrate. Figure 2ef shows that the PAN
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fibers protected the underlying copper substrate dur-
ing rinsing etching, while the copper in the exposed
region was removed completely. SEM EDAX mapping
(SI Figure S4) clearly indicated the copper nano-
wires are well patterned under the polymer fibers.
Figure 2g—i shows SEM images of the final copper
nanowire on the glass substrate after the PAN was
removed by hot DMF. The copper nanowire had widths
between 550 and 800 nm, which are very close to the
diameters of PAN nanofibers. It is worth emphasizing
that the rinsing etching is an efficient and reliable
method to produce transparent metal nanowire elec-
trodes with yields over 90%.

Copper nanowire transparent electrodes are shown
in Figure 3. Figure 3a shows four 2.54 x 2.54 cm size
transparent electrodes on glass substrates. They ex-
hibit transmittance from 68 to 90% (at 550 nm). The
sheet resistance was between 2 and 24 Q/O. The
transmittance of the electrode is mostly controlled in
the wetting step. The samples with 68, 74, 83% trans-
mittance were obtained from a 100 nm thick copper
film on the glass. The sample with 90% transmittance
was obtained from a 50 nm thick copper film on the
glass. (SI Figure S5). The transparent electrodes show
similarly high transmittance throughout the wave-
length range between 400 and 800 nm.

This method was used to fabricate flexible transpar-
ent electrodes. The only change required is to use
polyethylene terephthalate substrate to replace glass
substrate. Copper nanowire-based flexible transparent
electrode was fabricated with high yield. Figure 3c
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Figure 3. (a) Photograph of 2.54 x 2.54 cm copper nanowire transparent electrode on glass substrates with sheet resis-
tance of 2, 3, 6, 25 Q/0O and transmittance at 550 nm 68, 74, 83, 90%, from left to right, respectively. (b) The trans-
mittance of the transparent electrodes shown in (a) at the wavelength between 400 and 800 nm. (c) A 6 x 6 cm flexible copper
nanowire transparent electrode. (d) Sheet resistance vs transmittance figure of different transparent electrode from
commercial source and literatures. A—C: the transparent electrodes from this work with 100 nm thick copper nanowire on
glass, 50 nm thick copper nanowire on glass, and 60 nm thick copper nanowire on PET, respectively. D,” E2 F? silver
nanowires. G: copper nanowires.'' H: copper nanotrough.?* I: CNT.° J: graphene.?' K: commercial ITO on glass.>* L: commercial

ITO on PET.>?

shows a 6 cm x 6 cm flexible transparent electrode.
The sheet resistance and transmittance of the rigid and
flexible transparent electrodes prepared in this work
are plotted in Figure 3d. The reported sheet resis-
tances are average values of 10 measurements.
The variation is reported in Figure 3d, which shows
the recent reports of transparent electrodes research.
The performance of the transparent electrodes fabri-
cated in this work is better than ITO,*?> CNT,® and
graphene-based electrodes.?’ The result is also better
than the solution-processed copper nanowire'' and
comparable with the best results of solution-processed
silver nanowire transparent electrodes.”® Although
the diameters of the solution-processed copper nano-
wire'" are smaller, the transparent electrodes from
them are less conductive. The performance of the
transparent electrodes in this work is comparable with
our previous work.'* However, the previous work re-
quires expensive photolithography tools.'* The metal
nanowires from photolithography are much larger
(>2 um), which requires a coarser grid (200 um) to
reach high transparency. In this work, the copper wires
(avg. ~650 nm) were much smaller and were fabri-
cated at a higher rate per unit area. Recent work®* used
evaporated metal and electrospinning methods with
good results because the width of electrospun fibers
was smaller (245 nm in that work vs 650 nm in this
work). However, the free-standing metal nanotrough
needs to be transferred and adhered to other sub-
strate, which increases the fabrication cost. In this work,
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no transfer process is required because the transparent
electrodes are directly formed on the transparent
substrate. We expect that if the smaller electrospun
fibers are used in the process described here, better
properties will be obtained. Nevertheless, the figure of
merit result based on the percolation theory®*3* (S|
Figure S6 and Table S1) indicates that our results are
certainly among the best reports for metal nanowire-
based transparent electrode.

In addition to the excellent transmittance and con-
ductivity, the transparent electrodes in this work ex-
hibit outstanding toughness. The transparent elec-
trodes were evaluated in various bending tests and
adhesion tests. In the bending test, the flexible trans-
parent electrode was fixed between two clamps
and then bent by pushing the two clamps together
(Figure 4a). The resistance of electrodes was measure
throughout the test and did not change over 10%
when the bending radius changes from 51 to 1.25 mm
(Figure 4b). In comparison, previous copper nano-
trough electrode®* was bent up to 2 mm radius,
and the resistance of silver nanowire electrode’
changed ~16% when the bending radius is 1.3 mm.
The bending radius is calculated using the following

equation:
i = sin (i) (d > 2—,)
2r 2r T
d 2/ M
r = 5 (d < ;)
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Figure 4. Bending and taping tests results of transparent electrode. (a) Bending test setup. The copper nanowire on PET
was clamped and bent by pushing the two ends together. (b) Sheet resistance changes versus bending radius. (c) Flexible
Cu nanowire electrodes on PET bent on a 14 mm vial. (d) Sheet resistance changes versus number of bending at the
bends radius of 14 mm. (e) The taping experiments setup. (f) Sheet resistance changes with the cycle numbers of taping and

peeling.

where d is the distance between two clamps, L is the
length of the electrode, and r is the bending radius. A
repeated fatigue bending test showed that the flexible
electrode maintained its performance even after bend-
ing 1000 times to a radius of 14 mm (Figure 4c,d). A
fresh 3 M tape (Scotch Magic 810 tape) was attached to
a 2.54 x 2.54 cm transparent electrode and then was
peeled off by hand. (Figure 4e,f and Sl Video 1) The
resistance of the electrode was monitored throughout
the taping and peeling process. The results (Figure 4f
and Sl Video 1) indicated that there was no obvious
change on the resistance of the electrode after 50 cycles
of taping and peeling. As far as we know, such an
excellentadhesion is only available with commercial ITO.

The toughness and high performance of the
new transparent electrode make it useful in many
optoelectronics applications. The compatibility, low
fabrication cost and high manufacturing throughput
make it a promising method to produce large are
transparent electrodes. Flexible transparent electro-
des (6 x 6 cm) were fabricated (Figure 3c) and were
used to make resistive touch screen devices. (Sl Video 2)
The transfer-free procedure eliminates protruding
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spots, which is very important for thin film devices like
touch screens. This protruding-free film is confirmed
by both AFM experiment (S| Figure S7) and smooth
touch screen writing experience (SI Figure S8c, SI
Video 2). The transparent electrode fabrication pro-
cess can be easily integrated with electric circuit
patterning as shown in the Supporting Information
(SI Figure S8), which simplifies fabrication for many
applications.

CONCLUSION

In this work, a tough and high performance trans-
parent electrode was fabricated by using electrospun
fiber as mask pattern. The patterning method is cost-
effective and produces large area per unit time. The
reported fabrication procedure is free of the transfer
step that complicates many other metal nanowires,
CNT, or graphene-based transparent electrodes. The
protruding spots do not occur on the transparent
electrode. The transparent electrodes have a sheet
resistance of 6 Q/O at 83% transmittance or 24 Q/O
at 92% transmittance. The fabrication method works
well with both rigid glass substrates and flexible PET
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substrates. The resulting transparent electrodes show
excellent adhesion and bending. A touch screen device

METHODS

Materials. Polyacrylonitrile powder with molecular weight
150000 was purchased from Scientific Polymer, Inc. Iron(lll)
chloride (FeCls, 98%) powder was purchased from Alfa Aesar.
Dimethylformamide (DMF, 99.8%) was received from EMD
chemicals Inc. Copper (99.99%) was received from |IAmaterials.
Aluminum oxide (99.99%) was received from Kamis.

Preparation of Cu Nanowire Electrode. For the metal film deposi-
tion, 2 nm Al,O3 and copper with different thickness (100 or
50 nm on glass and 60 nm on PET in this work) were deposited
by electron-beam deposition using a customized Denton
e-beam evaporator under a pressure of 2 x 107> Torr. Poly-
acrylonitrile solution (12 wt % PAN) was prepared by adding
polymer powder to dimethylformamide (DMF). The solution
was stirred in a water bath at 80 °C for 2 h to ensure the
complete dissolution of solid polymer. A voltage of 6 kV and a
positive pressure of 27 KPa were applied to the solution to spin
the fibers out of a glass capillary with an outer diameter of
0.5 mm. The copper-coated substrates were placed under the
capillary to collect PAN fibers. The nanofibers were collected in
30 s. The distance from the capillary tip to the sample surface
was 12 cm. The electrospun PAN nanofibers on the substrates
were solvent annealed by the setup illustrated in Sl Figure S1: A
compressed air stream was passed through a hot DMF con-
tainer (75 °C) to the neck of a funnel. The sample was supported
at the mouth of the funnel for 1—3 min. The copper was etched
by rinsing it on a holder and was rinsed serially with 1 L of
0.003 M FeCl3 aqueous solution followed by 1 L of 0.0015 M
FeCl; aqueous solution (see Sl Figure S2). In the final step, the
PAN nanofibers were removed by immersing the sample into
hot DMF (50 °C) for 3 min.

Characterization. The sheet resistances of the films were
measured using a digital Keithley 2000 multimeter with a
Pro-4 Lucas Lab four-point probe to eliminate contact resis-
tance. Ten randomly selected points on each 2.54 x 2.54 cm
sample were measured. Both the mean value and standard
deviation was reported in Figure 3d. The optical transmittance
was obtained by using a Cary 100Bio UV—visible spectropho-
tometer. The optical images were taken with an Olympus DP70
optical microscope. SEM images were collected with a JEOL
JSM-7401 field emission SEM.
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